BRIEF COMMUNICATIONS equal to muscle, 3 = fat more extensive than muscle, and 4 = complete fatty replacement.
Hereditary myopathy with early respiratory failure (HMERF, OMIM 603689) is an autosomal dominant myopathy, often characterised by respiratory muscle weakness early in the disease course. This condition shares many similarities with myofibrillar myopathy (MFM) and it has been suggested that HMERF be considered within this disease category 1, 2 . It is caused by mutations in TTN, which encodes the giant sarcomeric protein titin. The hotspot for mutations causing this disorder appears to be in the 119th fibronectin 3 (FN3) domain in the titin A-band, with the p.C30071R mutation 3, 4 being most common (using Genebank#: AJ277892 as the reference sequence), although other mutations have recently been described 1, 2, 5, 6 . A mutation in the kinase domain of TTN (p.R32450W) was associated with this condition 7 , but this variant is also designated as a low-frequency polymorphism (rs140319117) in the European population.
Two studies have now revealed that TTN mutations are responsible for about 5% of cases of undiagnosed MFM 1, 5 , and the disease is now demonstrated to be internationally distributed 2, 5, 6 , beyond the British/Finnish founder effect which was initially described 3, 4 . To date, only a single family with this disease has been reported from Canada 5 . We report the second Canadian family with this disease, caused by the common p.C30071R mutation in TTN, and demonstrate that this patient shares a founder haplotype with previously reported families from the North East of England.
METHODS

Case report
Clinical records and diagnostic results were reviewed from the proband, his affected father, and paternal grandfather. The proband provided consent for publication of anonymised clinical data.
Muscle magnetic resonance imaging
Magnetic resonance imaging (MRI) of the pelvis and both lower limbs (hips to ankles) was performed using a 1.5T Discovery 450 (General Electric Medical Systems). Axial T1 (TR 530, TE 12) and T2 fat sat (TR 5471, TE 88) sequences were acquired through the lower limbs using the body coil, and axial T1 (TR 509, TE 14) and STIR (TR 4625, TE 54) sequences acquired through the pelvis using the 8 channel cardiac coil. A single rater visually quantified the degree of muscle atrophy in individual muscles using the following scale: 0 = no increased intramuscular fat, 1 = fat less extensive than muscle, 2 = fat Snap-frozen muscle biopsies received standard tissue staining, including hematoxylin-eosin and Gomori trichrome stains. Immunoperoxidase staining was performed on formalinfixed paraffin-embedded tissue using the Leica Bond Polymer Refine Detection kit on a Leica Bond III platform. Antibodies used included desmin (Dako clone D33 at 1/400 dilution) and TDP-43 (Protein Tech rabbit polyclonal at 1/4000). Electron microscopy was prepared by fixation in paraformaldehyde, embedding in epoxy resin, and visualized in thick sections stained with toluidine blue or by electron microscopy on a Hitachi electron microscope using osmium tetroxide fixation and uranyl acetate staining.
Genetic testing
Sanger sequencing was performed for the two previously described TTN mutations at positions p.30071 and p.32450 (as previously described 1 ). Polymerase chain reaction was performed with Immolase (Bioline) according to manufacturer's protocol, using ~50 ng of DNA, 0.25mM of each oligonucleotide and 4mM MgC l2 , for 30 cycles with annealing temperature of 60-65 o C. Sequencing was performed using BigDye, (Applied Biosystems) according to the manufacturer's protocol with an ABI 3130XL sequencer. Additional single nucleotide variants flanking the disease mutation which defined the shared haplotype as described were Sanger sequenced to compare this family with those we have described previously. Analysis of the shared haplotype was performed as published 1 .
RESULTS
Case report
The family pedigree is outlined in Figure 1 . The proband (III:2) is a 29-year-old man who was first investigated at the age of five years because of a history of muscle disease in his father (II:3). At the time neurological examination was normal. He was reassessed at age 16 and although still asymptomatic, he had mild ankle dorsiflexor and great toe flexor weakness bilaterally. Creatine kinase (CK) was elevated at 360 u/L (reference range 0-195). His most recent examination at age 30 demonstrated 4/5 weakness in ankle dorsiflexion, inversion and eversion. He had ankle plantarflexion contractures and was unable to walk on his heels. Otherwise he had no functional limitations. His father had developed distal lower extremity weakness at age 25 which gradually generalised. He was wheelchair-bound and required BiPAP for 18 months before he died of respiratory failure at age 36. His paternal grandfather (who originated from England) had onset of distal lower extremity weakness in his 30's which gradually worsened to include proximal and distal upper and lower extremities, and neck flexors. In his last years of life he was wheelchair-bound, required bilevel positive airway pressure (BiPAP) and continuous positive airway pressure (CPAP), and died in his early 60's of respiratory failure.
Muscle MRI
Fatty infiltration was most pronounced in the semitendinosus muscles and anterior compartment muscles in the lower leg ( Figure 2 ). Other muscles which were markedly affected included obturator externus, pectineus, and tibialis posterior. Detailed reporting of individual muscles with visual quantitation of fatty infiltration is presented in the Table.
Muscle pathology
The muscle biopsy performed in 1988 on Patient II:3 (the proband's father) revealed a severe, chronic myopathy having significant variation in myofibre size, including many tiny fibres, increased connective tissue, internalized nuclei, and fatty infiltration ( Figure 3 ). Some myofibres contained small vacuoles, while others contained multiple cytoplasmic bodies. Scattered fibres had large inclusions filled with debris. Immunoperoxidase stains demonstrated occasional dense deposits of desmin. Frequent small myofibres showed sarcoplasmic immunoreactivity for TDP-43.
In thick plastic sections stained with toluidine blue, degenerate myofibres contained autophagic vacuoles, cytoplasmic bodies, and dense, irregular deposits (Figure 4) . Ultrastructurally, the earliest change was disruption of the sarcomeric pattern with some Z-band streaming. Extensively affected fibres contained large autophagic vacuoles and condensed aggregates of thick filaments, or were highly atrophic and contained frequent cytoplasmic bodies.
Genetic testing
Sanger sequencing of leucocyte DNA from the proband identified the heterozygous g.274375T>C mutation (predicted to cause a p.C30071R substitution). Sequencing of the TTN kinase domain revealed wild-type sequence. Sequencing of polymorphisms surrounding the mutation demonstrated a 
tissue (black arrows), increased internalized nuclei (white arrowheads), and many tiny myofibres (A). High magnification demonstrates these same findings, as well as vacuolated myofibre (gray arrow) and myofibres undergoing myophagocytosis (white arrow) (B). The Gomori trichrome shows a fibre containing multiple cytoplasmic bodies (white arrows) and the increased connective tissue (black arrows) (C). Occasional fibres had a large vacuole containing basophilic material (white arrow) (D). Some fibres contained aggregates of desmin (white arrows) (E), while scattered small fibres had multiple TDP43-immunoreactive aggregates (black arrows) (F). A and B:
Hematoxylin-eosin stain. C and D: Gomori trichrome stain. E: Desmin immunoperoxidase stain on formalin fixed tissue. F: TDP43 immunoperoxidase stain on formalin fixed tissue.
R=right; L=left. Scoring for muscle atrophy as follows: 0 = no increased intramuscular fat, 1 = fat less extensive than muscle, 2 = fat equal to muscle, 3 = fat more extensive than muscle, and 4 = complete fatty replacement common haplotype with our previously described families 1 , and is represented in Figure 5 . The polymorphisms rs6706354, rs6706483, and rs919177 are present in all previously reported patients who have had this analysis, and are also present in the proband from the current report. Phased haplotype analysis indicates that the larger 789 kilo-base pair (kbp) haplotype has not been previously reported 8 , suggesting that the haplotype is unique to the g.274375T>C mutation.
DISCUSSION
We present the second Canadian family with HMERF caused by the p.C30071R mutation, and the first family outside of England confirmed to share the previously described founder haplotype. This provides further evidence indicating that this disease is more common than previously believed, and that the prevalence described in the UK 1 (relating to the founder effect) may not be an overrepresentation of the disease prevalence internationally. Our patient is presumably related to one of the prior UK families but detailed reviews of family records for several generations could not identify a shared relative. This is not surprising because the very small size of the shared UK haplotype (172 kbp) indicates that this is an ancient mutation 1 that is likely scattered within the UK population, and with this report has been confirmed to be present in at least one country outside the UK. It is possible that the UK haplotype is present in the other reported patients with the p.C30071R mutation, and if true suggests that all patients with this mutation are related (i.e: the mutation occurred only once from a single common founder). Using the haplotype data presented in this work, this question could be investigated in the course of future study.
The MRI and muscle pathology investigations reinforce the position taken by prior reports, that HMERF is a subtype of MFM 1,2 . In our patient, muscle MRI demonstrated fatty (Families A, B, F2, F3, F4 ). (kbp=kilobase pairs; g.274375T>C is the genomic coordinate for the p.C30071R mutation using Genebank#: AJ277892 as the reference sequence) Figure 4 : Toluidine-stained plastic section (A) and ultrastructure of muscle from Patient II:3. The degenerate myofibre in the plastic section is embedded in a collagenous matrix and contains irregular, densely staining aggregates (white arrow), more lightly staining and uniform cytoplasmic bodies (black arrow), and autophagic vacuoles (black arrowheads) (A). The earliest ultrastructural change was streaming of myofibrils (white arrow), which disrupted the normal sarcomeric structure and created dense aggregates perpendicular to the Z-line orientation (B). More degenerate myofibres contained autophagic vacuoles (black arrows) and aggregates of lightly osmiophilic thick filaments embedded in pale thin filaments (white arrow) (C). Highly atrophic fibres contained frequent cytoplasmic bodies (white arrow) and streams of haphazardly arranged filaments (black arrows) (D).
infiltration of various muscles, particularly the obturator externus, semitendinosus, and peroneal muscles. These are the most commonly affected muscles in HMERF 4 , but are also within a radiologic differential diagnosis for MFM 9 . The pathological findings in the father's muscle biopsy were similar to those described in HMERF 3, 5 , including disruption of sarcomeric structure by Z-disk dispersion, formation of cytoplasmic bodies, vacuoles containing degenerate debris, and condensed aggregates of different proteins. These pathological changes are also diagnostic features of MFM. It has been suggested, to avoid confusion and to improve our ability to recognise this condition, that HMERF be designated as MFMtitinopathy 1 .
In conclusion, patients with muscle disease having onset in adulthood, with distal leg weakness and/or respiratory muscle weakness, and autosomal dominant inheritance, should have titinopathy considered in the differential diagnosis. Creatine kinase may be normal but more often is modestly elevated (up to 1000 u/L) 4 . Muscle MRI abnormalities invariably include fatty infiltration of the semitendinosus and anterior compartment of the lower leg muscles 4, 10 . Muscle pathology shows features of MFM (1) (2) (3) , but may also be nonspecific 1, 4 . Sequencing of the 119th FN3 domain of TTN for this single exon should be included in the investigations for the differential diagnosis of MFM.
